SUMMARY The cardiovascular responses to combined static-dynamic effort, postprandial dynamic effort and dynamic effort alone were evaluated by upright bicycle ergometry during equilibrium-gated blood pool scintigraphy in 24 men, mean age 59 ± 8 years, with chronic ischemic heart disease. Combined static-dynamic effort and the postprandial state elicited a peak cardiovascular response similar to that of dynamic effort alone: work load 643 ± 156 and 638 ± 161 vs 650 i 153 kg-m/min, respectively; heart rate 147 ± 14 and 145 ± 14 vs 143 ± 17 beats/min; systolic pressure 195 i 26 and 200 ± 25 vs 197 ± 25 mm Hg; and rate-pressure product 286 ± 48 and 292 ± 55 vs 282 ± 52. Heart rate, intraarterial systolic and diastolic pressures, ratepressure product and ejection fraction were similar for the three test conditions at the onset of ischemia and at peak effort. The prevalence and extent of exercise-induced ischemic left ventricular dysfunction, ST-segment depression, angina pectoris and ventricular ectopic activity were also similar during the three test conditions. Direct and indirect measurements of systolic and diastolic blood pressure were highly correlated. The onset of ischemic ST-segment depression and angina pectoris correlated as strongly with heart rate alone as with the rate-pressure product during all three test conditions. The cardiovascular response to combined static-dynamic effort and to postprandial dynamic effort becomes more similar to that of dynamic effort alone as dynamic effort reaches a symptom limit. If significant ischemic and arrhythmic abnormalities are absent during symptom-limited dynamic exercise testing, they are unlikely to appear during combined static-dynamic or postprandial dynamic effort. This simplifies the task of formulating guidelines for physical effort in patients with chronic ischemic heart disease, especially in providing "clearance" to perform avocational and vocational tasks involving combined static-dynamic and postprandial dynamic effort.
EXERCISE TESTING for the detection of ischemic ST-segment depression or angina pectoris is usually performed in the fasting state, with care to avoid the static effort involved in gripping of handrails or of handlebars. Although such testing accurately reflects the cardiovascular response to isolated dynamic effort, it does not simulate the superimposition of static on dynamic effort or of dynamic effort in the postprandial state -circumstances to which patients with ischemic heart disease are exposed during their customary activities.
Patients with ischemic heart disease are usually advised to avoid dynamic activities in which there is a significant static component, but we' and others2' 3 have noted a lower incidence of exercise-induced ischemic ST-segment depression or angina pectoris when patients performed combined static-dynamic effort than when they performed dynamic effort alone.
Haissly et al.2 measured a higher diastolic blood pressure during combined static-dynamic effort than during dynamic effort alone and attributed the lower incidence of ischemic abnormalities during combined static-dynamic effort to the tendency of augmented diastolic pressure to improve coronary perfusion. In a previous study, we did not directly measure diastolic pressure, but the higher rate-pressure product at the onset of ischemic abnormalities in our patients during combined static-dynamic effort than during dynamic effort alone is consistent with this hypothesis.1 The ingestion of food is also thought to hasten the onset of angina pectoris in some coronary patients. 4 6 Goldstein et al. 6 ascribed the earlier onset of angina pectoris during postprandial exercise to an augmentation of myocardial oxygen consumption.
We sought to evaluate the effectiveness of a simple laboratory test -symptom-limited bicycle ergometry in detecting cardiovascular abnormalities likely to occur during conditions outside the laboratory. Our specific objectives were to compare the extent to which the incidence of ischemic STsegment depression, angina pectoris and ventricular ectopic activity during dynamic effort is altered by static effort and by prior food ingestion; to compare the hemodynamic response, including directly measured blood pressure, and the left ventricular functional response to these three test conditions during submaximal and maximal effort; and to determine VOL 65, No 7, JUNE 1982 what is responsible for differences in the incidence of ischemic and arrhythmic abnormalities during these three conditions. Methods Twenty-four men, mean age 59 ± 8 years, with chronic ischemic heart disease who were free of clinical congestive heart failure, unstable angina pectoris or other limiting medical conditions were selected for study. Twenty-three of the patients had had a myocardial infarction 4-48 months before the study and the other patient had arteriographically demonstrated three-vessel coronary artery disease. All patients had demonstrated treadmill-induced ischemic ST-segment depression with or without accompanying angina pectoris within 2 years of the study. At the time of study, six patients were taking propranolol for angina pectoris, mean dose 80 mg/day, and one patient was taking encainide, 150 mg/day, for ventricular ectopic activity. No patient was taking digitalis. Six patients were taking diuretics for the control of mild essential hypertension. Cardioactive medications except diuretics and sublingual nitroglycerin were withheld for at least 24 hours before the study. Each patient gave written informed consent before the study.
Patient Testing Protocol (fig. 1) Visit 1 -Pretest
A cardiovascular history and examination were performed. A 12-lead ECG was recorded at rest and during symptom-limited bicycle ergometry, performed on a Monark or Collins bicycle ergometer, beginning with a work load of 150 kg-m/min and increasing 150 kg-m/min every 3 minutes until the onset of limiting symptoms of angina, dyspnea or fatigue. Other potential end points were a decrease in systolic blood pressure of 10 mm Hg or more from the peak value during the earlier stage of exercise or the appearance of ventricular tachycardia (three or more consecutive premature ventricular complexes), but these end points were not noted. Neither the extent of STsegment depression nor the attainment of a target heart rate was used as an end point. Maximal voluntary contraction (MVC) for handgrip was determined in the right hand using a Jaymar hand dynamometer 15 mCi of technetium-99m labeled to human serum albumin was injected 2 hours later.
The first bout of exercise started 45-60 minutes after the patient arrived in the laboratory. Patients performed three upright symptom-limited exercise tests on a Schwinn electrically braked bicycle ergometer during equilibrium-gated blood pool scanning. The three exercise tests, performed in random order, consisted of dynamic effort alone, combined staticdynamic effort (dynamic effort combined with handgrip contraction), and postprandial dynamic effort (dynamic effort after eating a 1000-calorie meal). Protocols for exercise and for collection of radionuclide data were identical for each test condition.
While the patient was seated erect at a comfortable height on a Schwinn bicycle ergometer, the gamma camera (Ohio Nuclear Series 120) was positioned against the left chest wall so as to achieve an ideal separation of right and left ventricles in the left anterior oblique projection. A Plexiglas brace attached to the camera supported the patient's back and a stiff TEST foam wedge and canvas restraint were used to restrict chest movement relative to the camera head during exercise. The gamma camera was fitted with a parallelhole, high-sensitivity collimator. Radionuclide data were collected with the patient sitting at rest on the bicycle for 4 minutes, during 12 or fewer minutes of graded bicycle ergometry and for 4 minutes of recovery -a total duration of 20 minutes or less, depending on the duration of exercise. Initial ergometer work loads of 150 or 300 kg-m/min were increased every 3 minutes by 150-300 kg-m/min, based on each patient's exercise capacity in the pretest, to achieve a symptom limit within the four 3-minute exercise stages available for radionuclide imaging. For combined static-dynamic testing, handgrip contraction at 33% of MVC commenced at the start of the work load preceding the expected peak exercise work load and was sustained for as long as 6 minutes during the remainder of the test. For postprandial dynamic testing, each subject was given a 1000-calorie formula meal of 3/4 cup Meritene powder in 24 ounces of cold milk and 5 ounces of Sustacal pudding. The composition of this meal was approximately 20% protein, 40% carbohydrate and 40% fat. Exercise started 30 minutes after ingestion of the meal, which was consumed in 10 minutes or less. At least 40 minutes elapsed between bouts of exercise. To characterize the response to static effort alone, patients also sustained 3 or more minutes of handgrip at 33% of MVC while sitting quietly in a chair strapped to the gamma camera. This was performed 20 minutes after the last bout of exercise. One of the 24 patients could not perform this static effort because of general fatigue after the bicycle test.
During each test, analog blood pressure was recorded continuously and a 12-lead ECG was recorded during the last 10 seconds of each minute of exercise and during the 4 minutes of recovery from each bout of exercise. Peak bicycle work load was defined as the highest work level that could be sustained for at least 2 minutes. Flat or downsloping ST segments that, 0.08 second after the J point, were depressed 0.1 mV or more below a line drawn through the PQ segment were defined as ischemic. During dynamic bicycle ergometry alone and after food ingestion, indirect arterial pressures were obtained at the end of each 3-minute work load and at peak effort by means of a cuff sphygmomanometer attached to the right arm. Handgrip involving the right hand precluded indirect measurement of blood pressure during combined static-dynamic effort.
For count data acquisition, the gamma camera was interfaced with an Informatek Simis IV computer.
Counts gated to the patient's ECG were collected in 16 equal time frames within each cardiac cycle and summed to produce a single composite cycle of 16 frames for each minute. For each successive cycle of 16 frames, a normalization program was used to compensate for variations in the number of counts in each frame due to alterations of cycle length.
All studies were analyzed automatically, that is, without operator intervention, using a series of algorithms developed in the Stanford nuclear medicine department. This method of analysis yields values of left ventricular ejection fraction that correlate well with those obtained from contrast ventriculography.8' The first step in processing the ECG-gated radionuclide angiographic study was to combine the data from individual minutes at rest or at the same exercise level. Data from exercise stages lasting less than 2 minutes were discarded. Subtraction of noncardiac background activity was achieved by a threshold technique.8 A threshold activity level was identified as that at which no structure significantly decreased its activity during systole. Structures below this threshold were assumed to be noncardiac and this level of activity was subtracted as background. Motion analysis and edge detection algorithms were then used for automatic identification of the true left ventricular region of interest on the backgroundsubtracted images, and the time-activity curve was obtained from this region.9 End-diastolic and endsystolic count rates were obtained from the timeactivity curve and left ventricular ejection fraction was calculated from the standard formula: end-diastolic counts -end-systolic counts/end-diastolic counts.
Observer variability in determining ejection fraction was essentially removed, since the studies were analyzed without operator intervention. The left ventricular end-diastolic and end-systolic counts used to measure ejection fraction were also the count correlates of the left ventricular end-diastolic and end-systolic volumes, respectively, and thus were used to measure relative changes in left ventricular volumes from rest to exercise during each study.
Analysis of variance was used to test for differences in continuous variables measured during the three test conditions, and when such differences were found, matched-pairs t tests were used to test for differences between individual conditions. Cochran's Q test was used to detect differences in the frequency of discrete variables such as ischemic ST-segment depression, angina pectoris and ventricular ectopic activity measured during each test condition.
Results

Exercise Performance
The peak work load and heart rate during dynamic bicycle effort at visit 2 were not significantly different from those during visit 1 (pretest), 650 + 150 kgm/min and 143 ± 17 beats/min vs 662 ± 176 kgm/min and 135 ± 15 beats/min, respectively. Seventeen of the 24 patients completed four bicycle work loads before reaching a symptom limit. The other seven patients reached their limit after three bicycle work loads. Twenty-one patients completed the same peak work load during dynamic, combined dynamicstatic and postprandial dynamic effort. Cardiovascular variables during each of the three test conditions were compared for the peak work load achieved (max) and the two preceding work loads (max -2 and max -1).
Peak bicycle work loads were not significantly different between dynamic, combined static-dynamic and postprandial dynamic effort, 650 ± 153, 643 ± 156 and 638 ± 161 kg-m/min, respectively. Submaximal bicycle work loads for dynamic effort alone were 286 ± 108 (max -2) and 486 ± 148 (max -1) kg-m/min-also not significantly different among the three test conditions. The mean durations of dynamic, combined static-dynamic and postprandial dynamic effort were also similar, 10.6 ± 1.3, 10.2 i 1.3 and 10.2 ± 1.5 minutes, respectively.
The frequency of the various test end points was similar among dynamic, combined static-dynamic and postprandial dynamic effort. Almost two-thirds of all tests were terminated because of leg fatigue or dyspnea and one-third by angina pectoris. Systolic pressure dropped at peak dynamic effort in two patients, at peak combined static-dynamic effort in three and during peak postprandial dynamic effort in three.
Cardiovascular Responses ( fig. 2) The order in which the patients performed dynamic, combined static-dynamic and postprandial dynamic effort did not significantly influence the rest and exercise heart rate, blood pressure, rate-pressure product and left ventricular ejection fraction. Mean resting values for heart rate, systolic, diastolic and mean arterial pressures were not significantly different among the three test conditions. Heart rate and arterial pressures increased significantly (p < 0.001) above resting values during both submaximal bicycle work loads and at peak effort during all three exercise conditions. Addition of sustained handgrip at 33% of MVC during the last two bicycle work loads did not significantly augment heart rate, systolic pressure or rate-pressure product response to dynamic effort, except for a slight increase in the peak exercise heart rate (147 ± 14 vs 143 ± 17 beats/min, p < 0.05). Submaximal and peak exercise heart rate, systolic pressure and rate-pressure product were slightly higher during postprandial dynamic effort than during dynamic effort alone, but these differences were significant only for rate-pressure product at max -2 (196 ± 47 vs 183 ± 42,p < 0.01). Diastolic pressures at peak effort rose significantly above resting values, by 17 ± 11, 21 ± 10 and 18 + 13 mm Hg during dynamic, combined static-dynamic and postprandial dynamic effort, respectively (all p < 0.01), but the differences were not significant among the three test conditions.
Ischemic Responses
The prevalence of angina pectoris and ischemic STsegment depression was similar during dynamic, combined static-dynamic and postprandial dynamic effort ( an ischemic response during testing on visit 2. The prevalence of angina pectoris or ischemic ST-segment depression, alone or in combination, was not significantly different among dynamic, combined staticdynamic and postprandial dynamic effort. Ischemic ST-segment depression was manifest during exercise; in no case was it present only after exercise. The average peak magnitude of ST-segment depression was not significantly different among dynamic, combined static-dynamic and postprandial dynamic effort, -0.09 ± 0.13, -0.11 ± 0.13 and -0.11i± 0.14 mV, respectively. Exercise-induced angina pectoris or ischemic ST-segment depression was noted in 16 patients (67%) during at least one of the three exercise conditions and in 12 rate-pressure product measured during exercise. The presence or absence of exercise-induced ischemic STsegment depression and angina pectoris was as negatively correlated with peak heart rate alone (r = -0.28, -0.22, and -0.36) as with peak rate-pressure product (r = -0.26, -0.22 and -0.37) during dynamic, static-dynamic and postprandial dynamic effort, respectively. Direct and indirect measurements of arterial blood pressure were highly correlated at rest and during peak exercise (r = 0.99 for systolic pressure both at rest and peak exercise; SEE = 10.8 and 14.4 mm Hg, respectively). Corresponding correlation coefficients for diastolic pressure were both 0.97 (SEE = 8.0 and 9.7 mm Hg at rest and peak exercise, respectively).
Cardiovascular Responses to Static Effort Performed at Rest ( fig. 2) Sustained handgrip at 33% of MVC was terminated by arm fatigue in the 23 patients who performed static effort during visit 2. During peak static effort, heart rate increased by 7 ± 11 beats/min, systolic blood pressure by 49 ± 19 mm Hg, diastolic blood pressure by 22 ± 13 mm Hg and mean arterial pressure by 32 ± 16 mm Hg compared with resting values (all p < 0.001). The rate-pressure product at peak static effort was 171 ± 48, significantly less (p < 0.001) than the value of 282 ± 52 during maximal dynamic effort. Left ventricular ejection fraction decreased from 0.47 ± 0.14 at baseline to 0.44 ± 0.13 at the peak of static effort (p < 0.01). Left ventricular end-systolic and end-diastolic volumes both increased to 120 ± 17% and 113 ± 11% of resting values at peak static effort (both p < 0.01).
During or after sustained, static effort, no patient had angina pectoris, one patient demonstrated ischemic ST-segment depression and two patients had isolated ventricular ectopic activity.
Discussion
Although the cardiovascular effects of static effort or the postprandial state may be additive to those of dynamic effort at low dynamic work loads -a finding we and others have noted'-I -their effects are largely attenuated as peak dynamic effort is reached. In the present study, we found that the myocardial oxygen demand reflected in the rate-pressure product, left ventricular volume and ejection fraction and the myocardial oxygen delivery reflected in the diastolic arterial pressure were not substantially different among the three test conditions at the onset of ischemia and at peak effort. Further, the prevalence and severity of exercise-induced ischemic left ventricular dysfunction, angina pectoris, ischemic STsegmen-t abnormality and ventricular ectopic activity were similar during dynamic, combined static-dynamic and postprandial dynamic effort. The failure of added static effort or the postprandial state to alter significantly the peak cardiovascular response to dynamic effort reflects the fact that vigorous, largemuscle-group, dynamic effort alone taxes the functional limits of the cardiovascular system. The widely held belief that patients with chronic ischemic heart disease should avoid static effort or combined static-dynamic effort is largely based on extrapolation from findings in normal persons that static effort alone or in combination with low-level dynamic effort substantially augments heart rate and systolic blood pressure. 10' 11 In the present study, static effort performed at rest augmented mean arterial pressure to an extent similar to that observed during peak dynamic effort (32 vs 35 mm Hg, respectively), but peak heart rate (98 vs 143 beats/min) and the peak rate-pressure product (171 vs 282) differed substantially. The rate-pressure product correlates closely with the myocardial oxygen consumption and myocardial blood flow during static, dynamic and combined static-dynamic effort,'2'6 so it is not surprising that static testing is far less effective than dynamic testing in producing angina or ischemic ST-segment abnormalities. 3 12-3 The increased pressure load on the myocardium induced by static effort was reflected by a small decrease in left ventricular ejection fraction and an increase in end-systolic and end-diastolic volumes, similar to that reported by other investigators in coronary patients performing static effort.'6f 17 However, these hemodynamic changes are seldom adequate to induce symptoms-and are limited by the relatively brief duration that static effort can be sustained. Frequent premature ventricular complexes are also not usually induced by static effort.'13 12 Whereas we studied the effect of static effort added to symptom-limited maximal dynamic effort, both Goldstein et al.' demonstrated that prior food ingestion augmented heart rate and blood pressure during submaximal (bicycle) dynamic effort. These effects of food digestion, which increase myocardial oxygen consumption, began immediately and lasted for at least 1 hour. Thus, an augmentation of myocardial oxygen requirements appeared to be responsible for the earlier development of angina pectoris and for the decreased exercise capacity in these patients. However, the ratepressure product at the onset of angina pectoris and the peak double product were not significantly altered by prior food ingestion, a finding similar to that of the present study and inconsistent with any postprandial impairment of myocardial oxygen delivery.
The formula meal given to our patients was similar in size and composition to that used by Goldstein et al.6 Although the rate-pressure product at the onset of ischemia was slightly but significantly higher during postprandial effort, this was of doubtful clinical significance because the prevalence and severity of exercise-induced angina pectoris or ischemic ST-segment depression was similar to that during dynamic effort alone. Also, apart from a slight increase in resting left ventricular ejection fraction, consistent with a postabsorptive increase in myocardial inotropic state, 22 It is also important to know whether measurement of arterial pressures is required for the evaluation of vocational and avocational tasks in patients with chronic ischemic heart disease. Noninvasive measurement of systolic pressure during customary activity outside the laboratory is technically demanding and direct measurement of arterial pressure by ambulatory recording devices is not without hazard. While previous studies by Nelson et al.1" in young normal persons demonstrated that myocardial oxygen consumption correlated slightly more with rate-pressure product than with heart rate alone (r = 0.88 vs 0.80), our results indicate that this advantage is small in patients with ischemic heart disease. In fact, we found the negative correlation between the onset of ischemic abnormality to be as strong for heart rate alone as for rate-pressure product. The fact that heart rate reliably "tracked" the onset of ischemic abnormalities during all three conditions of the present study may obviate the need to measure blood pressure noninvasively or invasively during avocational and vocational activities.
